Introduction
A growing body of literature has demonstrated positive associations between exposures to natural environments (mostly green spaces) and health (Hartig et al. 2014; van den Bosch and Ode Sang 2017) , but few studies have looked at associations with exposures to blue spaces (e.g., rivers, lakes, coasts; Gascon et al. 2017 ). Studies on greenness (i.e., green vegetation) and greenspace (e.g., parks or other natural areas) have suggested benefits to health through various pathways, including stress reduction (Bowler et al. 2010b; Gascon et al. 2018) , improved immunoregulation (Rook 2013) , increased physical activity (Sallis et al. 2016) , and increased social interactions (de Vries et al. 2013) . Natural environments also benefit health by regulating ecosystem services, such as by reducing urban heat exposure (Bowler et al. 2010a ) and improving air (Nowak et al. 2014 ) and water quality (Livesley et al. 2016) . These pathways contribute to explaining reduced risks of mortality from cardiovascular and nonaccidental causes that have been associated with greenness exposure James et al. 2016; Villeneuve et al. 2012) .
Research suggests that there is, in general, a higher preference for views of blue spaces, both freshwater and marine, in comparison with views of most other environments (White et al. 2010 ). This finding helps explain observed restorative experiences (including feelings of happiness (Völker and Kistemann 2013) , stress recovery (Nutsford et al. 2016) , improved self-reported health (Völker et al. 2018; Völker and Kistemann 2011) , and life satisfaction (Brereton et al. 2008) ) associated with views of blue space. Recent studies also suggest a positive impact on birth weight (Glazer et al. 2018) . Some studies also suggest that the sounds of water may have an effect on stress recovery (Annerstedt et al. 2013) . Systematic reviews (Bowler et al. 2010b; Gascon et al. 2017) have shown that the evidence for an effect of blue space exposure on most health outcomes, such as self-reported general health, mental health, physical activity, obesity, and cardiovascular-related conditions, is either inconsistent or limited. These inconsistencies may be due to contextually determined relationships but also to a large heterogeneity in terms of, for example, study designs and exposure metrics.
To our knowledge, only one earlier study has investigated the association between blue spaces and mortality; Burkart et al. (2016) reported that living within 4 km of water modified heatrelated mortality among elderly subjects in Lisbon. Canada is an ideal place for studying the effects on health from blue spaces, given that it is bordered on three sides by oceans and has more than 3 million lakes, including the Great Lakes and more than 560 others that are larger than 100 km 2 in area (Schindler 2009 ). Many of Canada's largest cities are located on large lakes (e.g., Toronto, Hamilton), along major rivers (e.g., Ottawa, Montreal), or along ocean coastlines (e.g., Vancouver, Halifax), and therefore, a substantial portion of Canada's urban population has nearby access to, and residential views of, open water and blue space. Here, we examine whether living near blue spacea is associated with decreased risk of dying from cause-specific mortality among urban, nonimmigrant Canadian adults, while controlling for a wide-range of individual and contextual covariates, along with exposures to ambient fine particulate matter (PM 2:5 ), nitrogen dioxide (NO 2 ), and ozone (O 3 ), and residential greenness.
Methods

The Study Cohort
The 2001 Canadian Census Health and Environment Cohort (CanCHEC) has been described in detail elsewhere (Pinault et al. 2016) . Briefly, the full cohort is a nationally representative sample of approximately 3.5 million Canadian adults who responded to the mandatory 2001 Statistics Canada long-form census (1 in 5 households) and who have been linked to the Canadian mortality database and to annual income-tax filings through 2011 (Pinault et al. 2016 ). The CanCHEC dataset was created under the authority of the Statistics Act and approved by the Executive Management Board (reference no. at Statistics Canada. This approval is equivalent to that of standard research ethics boards. Counts presented here have been rounded randomly to the nearest five for institutional confidentiality. Individuals were eligible for the cohort if they were ≥19 years of age; were a usual resident of Canada on the census day; were not a long-term resident of an institution; and had filed a tax return during the follow-up period ( ∼ 95% of the adult population (18 + ) files a tax return in any given year). The linkage to the annual income tax files provided annual six-digit mailing address postal codes, which allowed us to consider subjects' annual residential mobility. In urban areas, postal codes correspond to one side of a city block or to a single apartment building. Missing postal codes were imputed using a method that has been applied and validated elsewhere .
Here, we excluded immigrants, given that they tend to have much better health status and health behaviors than do the Canadian-born population, with patterns persisting for upwards of 20 y following immigration (Ng 2011) . The present study is limited to respondents living in the 30 largest census metropolitan Figure 1 . The 30 cities from which cohort subjects were drawn (produced in ArcGIS 10.5.1, Esri). areas (CMAs; i.e., cities with populations greater than 100,000; Figure 1 ) according to population data from 2006 (the midpoint of our follow-up period). We also restricted our study to subjects age 25-89 at baseline due to lower rates of successful record linkages to tax files among younger and older subjects.
Assignment of Residential Exposure to Blue Spaces
We sought to identify subjects who live in close proximity to blue spaces and whose daily activities therefore are likely to bring them in contact with, or views of, blue spaces. We therefore identified potential exposures to blue spaces within 250 m of subjects' residence with geospatial data developed by Statistics Canada describing natural hydrographical features, including lakes, large reservoirs, rivers, and coastal waters, across Canada (Statistics Canada 2011). This dataset does not include ponds or constructed features, such as pools. We used ArcGIS 10.5 (Esri) to create a binary variable that indicated the presence (or not) of any water feature within this distance of subjects' residence during each year of follow-up. That is, exposure was reassigned annually to account for residential mobility. It is possible that a buffer of 250 m will include blue spaces that may not be accessible or visible from the subject's residence; however, it captures broadly the area immediately around the home, where exposure to or contact with water is likely on a regular basis. Although there is no consensus in the literature on the most relevant size of buffer around someone's home to assess benefits to health associated with nature exposures, we chose 250 m, given that others have reported associations between mortality and residential greenness within this distance James et al. 2016) . As described below, however, we consider associations based on larger buffers also.
Main Statistical Analyses
We used Cox proportional hazards models to estimate associations between living near blue space and several mortality outcomes. Hazard ratios (HRs) were stratified by sex, by five-year age groups, and by CMA (to ensure that subjects were compared statistically only with others of the same age, sex, and residence within the same city). Subjects were censored at date of death or if they had moved away from the study cities.
We adjusted our models for the following individual-level risk factors for mortality: aboriginal identity, visible minority status, marital status, highest level of education, employment status, and household-income adequacy deciles. Visible minorities are persons (other than Aboriginal persons) who self-identify as nonCaucasian in race or nonwhite in color. Income adequacy deciles are calculated from the ratio between the pre-tax income of economic families to the Statistics Canada low-income cut-off for family and community size, adjusted for regional economic differences (Pinault et al. 2016) . We also controlled for neighborhoodlevel socioeconomic characteristics, which may contribute to mortality risk independently of personal socioeconomic profiles. Time-varying contextual variables were calculated using data from the closest census year (i.e., 2001, 2006, or 2011) and were adjusted for regional variations across Canada (i.e., censusdivision means subtracted from census-tract means) describing the proportion of unemployed adults age 25 + , the proportion of adults age 25 + who had not completed high school, and the proportion of individuals in low-income families. Census tracts correspond roughly to the size of a neighborhood, and census divisions correspond roughly to the size of a city. To indicate living in a denser, urban core, as opposed to living in more suburban areas of a city, we also adjusted our models with a time-varying log of neighborhood population density (persons per km 2 ) at the scale of dissemination areas from the closest census year. Dissemination area geography corresponds to one or more city blocks, comprising 400 to 700 people. Additionally, we adjusted our models for estimates of exposure to ambient air pollution from existing models and observations of PM 2:5 , O 3 , and NO 2 concentrations. We include these here because reduced exposure to air pollution could mediate the pathway between exposure to blue spaces and health. Each of these datasets has been described previously (i.e., PM 2:5 : van Donkelaar et al. 2015; O 3 : Robichaud and Ménard 2014; NO 2 : Hystad et al. 2011) , and used in published epidemiological analyses (Crouse et al. 2015 . Briefly, the PM 2:5 data are satellite-derived annual estimates at a spatial resolution of about 1 × 1 km. For O 3 , we used the 8-h average daily maximum concentrations obtained from model-observation data fusion at a resolution of ∼ 21 × 21 km in the warm seasons from 2002 to 2009. The NO 2 data were derived from a national 2006 land-use regression model developed from observations from fixed-site stations and incorporating satellite-derived NO 2 estimates and landuse predictors. Ozone and NO 2 estimates were year-adjusted using ground-based time series measurements.
Last, we adjusted our models for residential greenness (i.e., remotely sensed Normalized Difference Vegetation (NDVI)) estimated within 250 m of subjects' residence, which has been associated with protective effects for mortality in this and other cohorts (James et al. 2016; Villeneuve et al. 2012) .
We developed hazard models for seven common causes of mortality, including all nonaccidental causes (ICD-10: A to R); cardiovascular plus diabetes (ICD-10: I10 to I69, E10 to E14); cardiovascular diseases (ICD-10: I10 to I69); ischemic heart disease (ICD-10: I20 to I25); cerebrovascular disease (ICD-10: I60 to I69); nonmalignant diseases of the respiratory system (ICD-10: J00-J99); dementia or Alzheimer's disease (ICD-10: F01-F03, G30); and, as a negative control (i.e., as a theoretically unrelated outcome): external/accidental causes (ICD-10: V to Y).
Additional Analyses
We also tested for effect modification by age, sex, income adequacy decile, and education in models with nonaccidental mortality. For this testing, we used Cochran's Q-statistic (Axelson 1980) to test heterogeneity in the HRs. Statistical analyses were performed in SAS 9.4 (SAS Institute, Inc.) and R (version 3.3.3; R Core Team).
Some people, perhaps those who are generally healthier than others, may choose and be able to afford to live near to water. For this reason, we performed a matched cohort analysis, which allows for reducing selection bias and approximating a randomized trial (Austin 2011) . Here, we matched subjects on a propensity score for living within 250 m of blue space at baseline using a logistic regression model with a matching ratio of 1:2. The covariates entered in the propensity score included age, sex, and all the personal covariates described above, along with population density. We did not match on CMA or the other contextual/environmental variables because matching on upwards of 60 characteristics (including subcategories of categorical variables) limited too greatly the number of potential matches. Subjects who lived within 250 m of water at baseline were matched (as "exposed") to those who did not (as "unexposed") on the logit of the propensity score by using optimal calipers equal to 0.2 of the standard deviation of the logit of the propensity score. We calculated standardized differences for all covariates between cases and controls before and after matching. We examined associations with several of the more common causes mortality among subjects in the resulting matched cohort (i.e., those for which counts of deaths >2,000, and thus allowed for sufficient statistical power).
Elsewhere, we reported more protective effects for risk of mortality associated with amount of greenness estimated within 500 m of subjects' residence in comparison with that estimated within 250 m . We hypothesized in that case that 500 m might better reflect subjects' daily activity spaces, and we therefore explored survival models here that also considered associations between mortality and blue spaces within 500 m. Additionally, we explored survival models that considered associations between mortality and blue spaces within 1,000 m, for which we hypothesized that we would observe more attenuated or null associations.
Last, we ran fully adjusted lagged models in which exposure was indicated as living within 250 m of water (or not) in the previous year. Follow-up for the lagged models began in 2002; as such, these models are based on a shorter follow-up, and fewer deaths, than are the other models.
Results
Our cohort included approximately 1,265,515 subjects at baseline; 8.3% of whom lived within 250 m of water at baseline (Table 1) . Approximately 106,180 subjects died from nonaccidental deaths during the 10.6 y of follow-up; see Table 2 for number deaths by individual causes. The composition of subjects who were and who were not living within 250 m of blue space at baseline were similar. There were more seniors (age 65 and older) among those subjects who were living near water (i.e., 22.4% in comparison with 16.7% among subjects who were not living near water). We found absolute standardized differences between the groups equal to or greater than 10% only for being in the highest income decile (i.e., slightly fewer among those not near blue space); labor force status (i.e., slightly more unemployed or in the labor force among those not near blue spaces); and, neighborhood-level population density and exposure to NO 2 (both slightly lower among those near blue spaces) ( Table 2) .
We present in Table 3 results of survival models by cause of death according to four levels of covariate adjustment. Adjustment for personal covariates attenuated the associations only slightly, but further adjustments for contextual socioeconomic, and then environmental, covariates produced incrementally more protective associations. In fully adjusted models, we found significant protective associations with all causes of death examined except those Table 1 . Descriptive statistics for cohort subjects at baseline and fully-adjusted hazard ratios (HRs) for nonaccidental mortality for risk factors included in the survival models.
Characteristic All subjects n = 1,265,515 Note: Hazard ratios (HRs) and 95% confidence intervals for associations between living within 250 m of blue space and non-accidental mortality. Models stratified by age (5-y categories), sex, and census metropolitan area (CMA); adjusted for visible minority status, Aboriginal identity, marital status, highest level of education, income adequacy decile, and labor force status; and also for contextual variables calculated as census division means subtracted from census tract means using data from the most recent census year: % unemployed (age 25 y and older), % not graduated from high school (age 25 y and older), and % low-income status, and population density, PM 2:5 , O 3 , NO 2 , and residential greenness.
deaths from external/accidental causes (i.e., HR for nonaccidental deaths: 0.879; 95% confidence intervals (CIs): 0.861, 0.897); HR for external=accidental deaths = 0:932; 95% CI: 0.847, 1.026). We found the most protective effects for deaths from stroke and respiratory-related diseases. We present in Figure 2 results of effect modification by selected personal characteristics of subjects at baseline. We found more protective associations among women and among older adults. We observed some suggestion of more protective effects among subjects in the lowest income adequacy deciles in comparison with those in the highest deciles; however, these differences were not statistically significant. We did not observe any evidence for effect modification by educational attainment.
Results of Additional Analyses
We successfully matched all 105,230 subjects who lived within 250 m of blue spaces at baseline with 210,455 subjects who did not. After matching, the absolute standardized differences were less than 5% for all variables entered into the propensity score, confirming adequate matching (Table S1 ). Using the matched cohort, our results from fully adjusted models for all the causes of death examined were more protective than those reported with the full cohort (i.e., HR for nonaccidental mortality: 0.756; 95% CI: 0.736, 0.776; Table 4 ). Associations between mortality and blue space estimated within 500 m and 1,000 m were incrementally attenuated in all cases in comparison with those within 250 m (Figure 3 ). At 500 m, the HR for death from respiratory causes was not just attenuated, but nonsignificant; at 1,000 m, we found significant associations only with nonaccidental, cardiovascular and diabetes, cardiovascular, and ischemic heart disease. Results of the lagged models are presented in Table 5 ; associations with all causes of death examined were attenuated in comparison with the main models. For example, HR for deaths from nonaccidental causes in the lagged model was 0.950; 95% CI: 0.931, 0.971.
Discussion
This is among the very first studies to examine associations between residential exposures to blue spaces and risks to mortality. In this large, multicity national cohort, we demonstrated strong protective associations between living in close proximity to open water and several common causes of death among adult, nonimmigrant, urban Canadians. We also did not observe association with a negative control (accidental mortality), and we used a propensity score matched cohort analysis to further eliminate potential confounding by baseline characteristics between exposed and unexposed subjects, which was a study design that produced even stronger evidence of a protective association. We found evidence of protective associations among subjects across all income groups, which suggests that the effects observed are not due simply to more affluent people being able to afford to live near water.
As noted earlier, the only other published study to consider the potential link between mortality and blue space reported that living within 4 km of water was associated with decreased heat-related mortality (in comparison with living beyond that) among elderly ; adjusted also for contextual variables calculated as census-division means subtracted from census-tract means using data from the most recent census year: % unemployed (age 25 y and older), % not graduated from high school (age 25 y and older), and % low income status, and also for dissemination area-level population density. subjects in Lisbon (Burkart et al. 2016) . In the absence of other studies on blue space with which to compare our results, we note that our associations with deaths from nonaccidental causes were stronger than those reported elsewhere with estimates of residential greenness James et al. 2016; Vienneau et al. 2017; Villeneuve et al. 2012) . We found more protective effects among women and among older subjects. In our earlier study with this cohort, we found more protective effects from exposures to residential greenness among men and among those who were more affluent and better educated . Results of effect modification by gender, sex, age, and income in the context of exposures to natural environments and health broadly have been inconsistent in the existing literature (Gascon et al. 2017; Markevych et al. 2017; van den Berg et al. 2015) . Possible explanations that have been suggested for gender differences in the associations between health and natural environments (green or blue) are differences in perceptions and usage of nature between women and men. As no other studies on the relation between blue space and mortality exist, more research is needed to confirm any consistent gender differences. As noted earlier, although most previous studies suggest a positive relationship between blue-space exposure and health, there has been some inconsistency in the results. Our study is comparatively large (much of the existing literature relied on small sample sizes) and uses a design that minimizes self-selection bias, which supports the validity of our results.
It is important to understand that for the most part, our exposure metric captures potential views of or passive exposures to blue spaces, though not necessarily capturing time spent on or interacting with blue spaces (e.g., at a beach or on a boat). A related limitation of our study is that we were unable to account for access or exposures to blue spaces outside subjects' primary Hazard ratios and 95% confidence intervals from fully adjusted models for mortality from nonaccidental deaths and living within 250 m of water, and effect modification by selected characteristics. Note: Models stratified by age (5-y categories), sex, and census metropolitan area (CMA); adjusted for visible minority status, Aboriginal identity, marital status, highest level of education, income adequacy decile, and labor force status; and also for contextual variables calculated as census division means subtracted from census tract means using data from the most recent census year: % unemployed (age 25 y and older), % not graduated from high school (age 25 y and older), and % low-income status, and population density, PM 2:5 , O 3 , NO 2 , and residential greenness. P-values for Q-statistic (test for effect modification). Table 4 . Hazard ratios and 95% confidence intervals for associations between cause-specific mortality and living within 250 m based on the matched cohort analysis.
Cause of death (counts rounded to nearest 5) Fully adjusted Models stratified by age (5-y categories), sex, and census metropolitan area (CMA); adjusted for visible minority status, Aboriginal identity, marital status, highest level of education, income adequacy decile, and labor force status; and for contextual variables calculated as census division means subtracted from census tract means using data from the most recent census year: % unemployed (age 25 y and older), % not graduated from high school (age 25 y and older), and % low income status, and population density, PM 2:5 , O 3 , NO 2 , and residential greenness.
residence (for example, time spent at recreational properties). As such, similar to what has been reported elsewhere with views of nature from the home (Kaplan 2001) , our results further suggest that the restorative benefits associated with just having a view of blue space from the home or during regular routine activities in the vicinity with passive exposures may contribute to various aspects of health and well-being. Proximity to blue space, and its attendant reduced exposure to a variety of urban stressors (psychosocial, chemical, physical) and greater exposure to healthpromoting factors and behaviors, may confer net beneficial effects on physiological systems that integrate stress response. Supporting this contention, residing near natural spaces (urban green space) is associated with significantly lower levels of biomarkers of physiological dysregulation (Egorov et al. 2017 ) that predict mortality risk (Seeman et al. 2001) . It has been estimated that Canadian adults spend approximately 65% of their daily time at home (indoors and outdoors combined), so residential exposures account for a substantial portion of total daily exposures (Leech et al. 2002) . Older and retired people likely spend more time around their homes and therefore have increased opportunities for exposures to residential blue spaces, which may contribute to explaining the stronger effects observed among older subjects. We further examined the potential for residual confounding by using a propensity-matched cohort and observed more protective associations in all cases than with the full cohort. Among subjects in the matched cohort, those living within and beyond 250 m of water were more similar to each other in terms of age . Models stratified by age (5-y categories), sex, and census metropolitan area (CMA); adjusted for visible minority status, Aboriginal identity, marital status, highest level of education, income adequacy decile, and labor force status; and also for contextual variables calculated as census division means subtracted from census tract means using data from the most recent census year: % unemployed (age 25 y and older), % not graduated from high school (age 25 y and older), and % low income status, and population density, PM 2:5 , O 3 , NO 2 , and residential greenness. Table 5 . Hazard ratios and 95% confidence intervals for associations between cause-specific mortality and living within 250 m of water in the previous year (i.e., lagged models). Models stratified by age (5-y categories), sex, and census metropolitan area (CMA); adjusted for visible minority status, Aboriginal identity, marital status, highest level of education, income adequacy decile, and labor force status; and also for contextual variables calculated as census division means subtracted from census tract means using data from the most recent census year: % unemployed (age 25 y and older), % not graduated from high school (age 25 y and older), and % low income status, and population density, PM 2:5 , O 3 , NO 2 , and residential greenness.
distribution, marital status, proportion in the highest income decile, and neighborhood-level population density (than were those living within and beyond 250 m in the full cohort; Table S1 ). Unfortunately, however, the number of deaths for several outcomes (i.e., stroke, dementia, accidental) was very low in this cohort, such that we lacked the statistical power to assess any association between living near blue spaces and these causes of death. Associations between risks of mortality and estimates of blue space within 500 m and 1,000 m were notably attenuated in comparison with those within 250 m. Although those larger buffers may represent typical neighborhood activity spaces better for many people, blue spaces at this distance from one's home would almost certainly not be visible or within audible range and may also not contribute as significant cooling benefits during high heat events.
Associations between risks of mortality and lagged estimates of blue space were also attenuated. Given the limited research on this topic, relevant exposure periods and potential dose-response relationships remain unknown. The results of these models are useful because they introduce a note of caution, in that we cannot discount the possibility that our findings could be influenced by movement of people into or out of blue space areas according to their health status. These more attenuated associations may also be due to chance.
A key strength of our study is the large, broadly representative nature of this multicity national cohort. Subjects were drawn from cities across the entire country, including some located along ocean coastlines, others located on major lakes and rivers, and others with no major local water features. We stratified our survival models by age, sex, and CMA, such that subjects were compared statistically only with others living in the same cities, and thus also in areas with similar climates, and with relatively similar access to health, social, and other services. We were able to track subjects' residential mobility patterns with annual postal codes, which have high positional accuracy in urban areas, thus minimizing exposure misclassification. Another key strength of this study is that, in addition to many personal and community socioeconomic characteristics, we were able to adjust our survival models also for other urban environmental exposures, including ambient air pollution and residential greenness (but we did lack information on noise, which is a potentially harmful urban exposure that we would expect to be negatively correlated with blue space).
To validate our findings, we presented null associations between mortality from external/accidental causes and blue space exposures. Although these null associations met our hypothesized expectation, these results should be treated with caution, given the relatively small number of deaths (n = ∼ 5,000).
A limitation of our exposure metric is that it indicates only that subjects live relatively near to blue space, but it does not capture the accessibility or quality of these spaces. We acknowledge that the sounds, smells, and sights associated with being near the ocean are very different from the those of the experience of being near a small, interior lake. Moreover, assuming that prevailing winds come from the west, the east shore of a larger water surface would experience a greater cooling effect than would the west. In this context, future studies may wish to explore whether associations differ depending on the size or other characteristics of the available blue space. The accessibility of the blue spaces may have limited influence on some health outcomes, as benefits to health associated with their sounds and cooling effects would be achieved regardless.
Conclusions
Our findings contribute to the growing body of evidence suggesting that everyday exposures to natural environments in urban areas have important benefits to health, which may be attributed to a range of passive/active, intentional/incidental exposures, and direct/indirect pathways. Further work is needed, however, to understand better the various potential drivers of this association.
